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Summary. In this paper spectral solar zenith radiances are analyzed which were 
obtained from ship–based measurements over the Atlantic ocean. In combination 
with high–resolution lidar and microwave remote sensing optical and microphysical 
cloud properties were retrieved using spectral radiation data. To overcome problems 
of existing transmissivity–based cloud retrievals, a new retrieval algorithm is 
introduced which circumvents retrieval ambiguities and reduces the influence of 
measurement uncertainties. The method matches radiation measurements of ratios 
of spectral transmissivity at six wavelengths with modeled transmissivities. The 
new retrieval method is fast and accurate, and thus suitable for operational 
purposes. It is applied to homogeneous and inhomogeneous liquid water and cirrus 
clouds. The results from the new algorithm are compared to observations of liquid 
water path obtained from a microwave radiometer, yielding an overestimation for 
thick liquid water clouds but a slight underestimation for thin clouds.  
 
Zusammenfassung. In dem vorliegenden Artikel werden abwärtsgerichtete 
spektrale Strahldichten analysiert, die mithilfe schiffsgebundener Beobachtungen 
über dem Atlantischen Ozean gemessen wurden. In Verbindung mit 
hochauflösenden Lidar und Mikrowellenradiometer Fernerkundungsverfahren 
werden optische und mikrophysikalische Wolkeneigenschaften aus spektralen 
Daten abgeleitet. Um Probleme bereits existierender Verfahren, die auf 
Transmissionen basieren, zu beseitigen, wird ein neuer Fernerkundungsalgorithmus 
vorgestellt, der nicht nur Zweideutigkeiten in der Bestimmung der Parameter 
umgeht, sondern auch den Einfluss von Messunsicherheiten verringert. Die 
Methode vergleicht gemessene spektrale Transmissionsverhältnisse bei sechs 
Wellenlängen mit modellierten Verhältnissen. Die neue Fernerkundungsmethode ist 
schnell und exakt, sodass sie für operative Zwecke geeignet ist. Sie wird für 
homogene und inhomogene Wasserwolken als auch für Cirren angewendet. Die 
Ergebnisse des neuen Ableitungsverfahrens werden mit Beobachtungen des 
Flüssigwasserpfades eines Mikrowellenradiometers verglichen. Daraus ergibt sich 
eine Überschätzung des Flüssigwasserpfades unter dicken Wolken, jedoch eine 
leichte Unterschätzung für dünne Wolken.  
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 Introduction 
The most important microphysical parameters describing the radiative energy effects of 
clouds are the cloud optical thickness τ and the droplet effective radius reff (ratio of the 
third moment of the cloud droplet size distribution to its second moment). To investigate 
cloud properties of marine clouds different remote sensing methods are used on the basis 
of satellite, airborne, and ship-based radiation measurements. Long–term global cloud 
data such as the International Satellite Cloud Climatology Project (ISCCP, Rossow and 
Schiffer, 1991) are based on space–borne observations of cloud reflectivity. In non-
absorbing water vapor wavelength regions (visible) cloud reflectivity primarily depends 
on τ , whereas due to the proportionality of the liquid/ice absorption coefficient and reff (in 
the solar spectral region) cloud reflectivity primarily depends on reff in liquid water/ice 
absorbing wavelength regions (near-infrared). This is the basis of most satellite–based 
cloud retrievals (e.g., Nakajima and King, 1990). The cloud reflectivity is mostly 
determined by the upper cloud layers in these reflectivity-based retrievals (Platnick et al., 
2003). Platnick (2000) modeled photon transport through cloud layers using vertical 
weighting functions to quantify the relative contributions of distinct cloud layers to the 
retrieval of reff . These simulations show that the upper part of the cloud is weighted 
stronger than lower cloud parts using reflectivity. In contrast, transmissivity is mostly 
determined by the center layers of the cloud.  
However, transmissivity principally contains less information on reff as reflectivity. This is 
due to the competing effects of absorption and forward scattering. With increasing reff 
forward scattering increases; however, in this case also cloud droplet absorption increases 
in the near–infrared wavelength region. Furthermore, transmissivity has a non–monotonic 
behavior with regard to τ . This causes ambiguous retrieval results in contrast to using 
reflectivity, which is a monotonic function of τ (Kikuchi et al., 2006). For optically thin 
clouds (τ < 5) an increase in τ results in an increased number of scattered water droplets in 
the upward looking sensor field–of–view and thus larger transmissivity. As the cloud 
becomes optically thicker, zenith radiance decreases and attenuation dominates which 
enhances the uncertainty of reff retrievals.  
Different ground–based retrievals were developed to obtain τ and reff . A number of 
studies obtain simultaneously τ and reff using zenith radiance measurements (Rawlins and 
Foot, 1990; Kikuchi et al., 2006; McBride et al., 2011, 2012; Chiu et al., 2012). The basic 
principle of these transmissivity–based methods is to combine a non–water absorbing 
wavelength with a liquid–water/ice absorbing wavelength.  
McBride et al. (2011) introduced a method for retrieving τ and reff with enhanced 
sensitivity to reff using the spectral slope of transmissivity between 1565 nm and 1634 nm 
in combination with transmissivity at a visible wavelength. This spectral method agreed 
with the common two–wavelength approach for τ retrievals but improved results for reff 
for τ > 25. Furthermore, the comparison of retrieved τ , reff and liquid water path (LWP) 
agree well with satellite and ship–based microwave observations. More recently, almost 
parallel but independent from this work (Brückner et al., 2014), LeBlanc et al. (2014) 
introduced a new retrieval method for τ , reff , and additionally cloud phase using ground–
based spectral transmissivity. Using multiple spectral variations in zenith radiance due to 
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absorption and scattering of liquid water and ice clouds, they found a closer fit by a 
weighted least–squares retrieval between observed and modeled transmissivity compared 
to existing retrieval methods. 
This paper is concerned with a ground–based retrieval of τ , reff and LWP of marine 
clouds by analyzing spectral zenith radiance measurements. A new retrieval technique is 
developed which is similar to LeBlanc et al. (2014). Data used in this paper are based on 
spectral zenith radiance measurements with the COmpact RAdiation measurement 
System (CORAS). The measurements are complemented with data collected with 
different active and passive remote sensing instruments. The data set was gathered during 
three Atlantic ocean transfers of the Research Vessel (RV) Polarstern in the framework of 
the German Leibniz–network OCEANET–project (autonomous measurement platforms 
for material and energy exchange between ocean and atmosphere). The measurements 
benefit from the regular transfers of RV Polarstern between the polar regions on both 
hemispheres and provides the opportunity to observe clouds in three climate zones 
(tropics, subtropics, and mid–latitudes).This paper summarizes the results presented in 
Brückner et al., (2014) and Brückner (2015). 
 
Instrumentation 
 
The OCEANET-Atmosphere container consists of several instruments. A microwave 
radiometer HATPRO (Humidity and Temperature PROfiler) provides atmospheric 
vertical profiles of temperature, humidity and liquid water path (Zoll, 2012). A full sky 
imager (Kalisch and Macke, 2008) determines the cloud coverage and cloud type. For 
daytime every 15 seconds a picture is taken. Pyrano- and Pyrgoemeter were used to 
obtain the solar and terrestrial downward broadband irradiance (Macke et al., 2010). A 
multi wavelength Raman lidar Polly
XT
 (Althausen et al., 2009) measured vertical profiles 
of the particle extinction coefficient and aerosol microphysical properties. Spectral 
radiation measurements were performed with the COmpact RAdiation measurement 
System (CORAS). This instrument consists of two optical inlets to measure downward 
spectral irradiance and radiance; both inlets were mounted on the roof of the container. 
Here, only data from spectral zenith radiance were used. The inlets are connected via 
optical fibers to a system of spectrometers. For measurements in the visible to near 
infrared (VNIR: 350-1000 nm) and shortwave infrared (SWIR) spectral range (950-2200 
nm). The spectral resolution is 2-3 nm in VIS and 15 nm in NIR. The OCEANET-
container was located on the helicopter deck of RV Polarstern. 
 
Multi-Wavelength Cloud Retrieval 
 
To retrieve microphysical properties from spectral radiation measurements simulated 
radiances are required over ranges of τ , reff and solar zenith angles θ0 to calculate lookup 
tables (LUT). The plane–parallel radiative transfer model package libRadtran version 
1.6beta (Mayer and Kylling, 2005) was used to calculate the zenith radiance I
↓
λ,mod at sea 
level z0. The spectral transmissivity T at sea level was calculated using 0z
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where the indices ‘mod’ refers to the model results and ‘obs’ to the observations. To 
consider the current position of the sun the cosine of solar zenith angle 0 is used along 
the cruise track and the incoming solar irradiance at the top of atmosphere (TOA).  
Examples of modeled spectral transmissivity derived with Eq. (1) are shown in Figure 1 
assuming a liquid water cloud based on McBride et al. (2011), for different values of τ 
and two values of reff (5 μm: solid lines and 25 μm: dashed lines). The shaded areas 
illustrate constant values of τ. The calculations were performed for θ0 = 40° and a surface 
albedo typical for ocean. For the liquid water cloud largest transmissivity occurs at values 
of 4 < τ < 5 and decreases with increasing τ. At wavelengths shorter than about 1100 nm 
scattering dominates. Larger droplets with larger asymmetry factors result in enhanced 
forward scattering and thus in larger transmissivity. However, with increasing reff 
transmissivity decreases because of increasing cloud droplet absorption at wavelengths 
larger than about 1400 nm. The crossover between these competing effects occurs at 
wavelengths between 1100 nm and 1400 nm depending on the magnitude of cloud droplet 
absorption (McBride et al., 2011). Especially in the wavelength region between 1560 nm 
and 1670 nm the differences between 5 μm and 25 μm are largest and result in an 
enhanced sensitivity with respect to reff.  
 
 
Fig. 1: Modeled spectral transmissivity for different values of reff (solid lines for reff = 5 
μm, dashed lines for reff = 25 μm) and τ (gray shaded areas) at θ0 = 40° and assuming an 
ocean surface albedo for a liquid water cloud according to McBride et al., (2011). Figure 
adopted from Brückner et al., (2014). 
 
In this paper a new spectral cloud retrieval is proposed that uses the information of ratios 
of transmissivity at different wavelengths. A similar approach using ratios of reflected 
spectral radiances was reported for airborne measurements (Werner et al., 2013). 
Obviously, the wavelengths for the retrieval should exclude regions with significant 
molecular absorption. The systematic search for suitable wavelengths for the ratios of 
transmissivity was done separately for the VIS and NIR wavelength region to avoid a 

F
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mixture of the two CORAS spectrometers and resulting systematic measurement 
uncertainties. Furthermore, the retrieval sensitivity affected by measurement uncertainties 
is reduced. Not each wavelength combination is useful to provide an optimum of 
information to retrieve τ and reff (Coddington et al., 2012). 
To retrieve τ and reff, and, additionally dealing with the ambiguity problem for 
transmissivity, at least three independent measurement points are required, which are 
sensitive to these parameters. The ratio 6804501 / TTT   discriminates between thin and 
thick clouds (thin clouds transmissivity increases with τ , thick clouds vice versa), where 
the two ratios in the NIR wavelength region are used to retrieve reff, 156016702 /TTT  , and 
ratio 125010503 /TTT  overcomes the ambiguity problem.  
 
Figure 2 show the results of simulated ratios of transmissivity for different combinations 
of τ and reff for a liquid water cloud situated in 2−4 km. Isolines of constant reff (solid 
lines) and τ (dashed lines) are plotted. The new multi–wavelength approach circumvents 
the ambiguity regarding τ. The combination of three transmissivity ratios allows to 
ambiguously retrieve τ and reff. Adding the ratio 6804501 / TTT   provides improved 
sensitivity to thin clouds. The two branches of the surface represent thick clouds, where 
2T  and 3T  dominates (τ > 10), and thin clouds, where 1T  reaches values larger than 1 with 
decreasing τ (insert in Figures 2), while the other two ratios vary only slightly. The knee 
of the surface, where the two branches separate, conforms to the largest values of 
transmissivity and depends only slightly on θ0. 
To retrieve microphysical properties from observations the best match between the 
modeled and observed transmissivity is inferred by finding the minimum of a cost 
function ),( effrf  : 
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which is the sum of the difference between the three observed and modeled transmissivity 
ratio 
obs/mod,n
T  for the entire range of τ and reff. 
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Fig. 2: Retrieval grid using modeled ratios of transmissivity for a solar zenith angle of θ0 
= 40° and an assuming ocean surface albedo. Dashed isolines represent different values 
of τ and colored lines indicate different values of reff for a liquid water cloud for τ > 10 
with zoom into axis for thin clouds with τ < 5 in the upper right part (Brückner et al., 
2014). 
 
Case Studies 
 
During three Atlantic transfer cruises of RV Polarstern (ANT-XXVII/4, ANT-XXVIII/5 
and ANT-XXIX/1) data were collected between Cape Town (South Africa) – 
Bremerhaven (Germany) and Punta Arenas (Chile) – Bremerhaven (Germany), 
respectively. Individual case studies from the OCEANET–transects are presented to 
exemplify the new multi–wavelength cloud retrieval. 
 
Fig. 3: Time series of τ (upper panel) and reff (lower panel), based on retrievals using 
data from CORAS. The distance covered in the depicted times series is about 2.8 km 
(Brückner et al., 2014). 
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A liquid water cloud was observed on November 19, 2012 around 15°S and 0°E during 
ANT-XXIX/1. In Figure 3 retrieval results of τ and reff are shown. The mean retrieved  
cloud optical thickness is 9.1 ± 0.5. The mean effective radius is 16.1 ± 1.7 μm. The 
retrieved reff is more variable with values ranging between 2 − 30 μm and shows higher 
uncertainties with up to ±7.1 μm compared to τ. Considering a threshold of an uncertainty 
of ±1 in τ, and according to the suggested one from McBride et al. (2011), an uncertainty 
of ±2 μm in reff , the new retrieval results in 87% and 78% valid retrievals for τ and reff, 
respectively. The uncertainty of the measurements increases for thicker clouds because 
the attenuation of the spectral radiance is stronger and, therefore, the contribution of the 
signal–to–noise ratio to the uncertainty increases. For selected time periods (e.g., between 
12.2−12.3 UTC) reff reaches values up to 30 μm. Unfortunately, the simulations were 
limited to reff < 30 μm because this suffices for most non–precipitating liquid water clouds 
and more specifically measurement uncertainties are too high for reff > 30 μm. Obviously 
reff is larger than 30 μm but the extrapolation to larger reff is not a suitable method for 
these complex LUTs. Possible reasons for reff > 30 μm could be the presence of overlying 
cirrus above the low–level stratocumulus or precipitating clouds. The former can be 
excluded since there was no evidence of high cirrus in satellite images or atmospheric 
soundings for that measurements example (not shown). While the HATPRO rain sensor 
did not detect precipitation at the surface during the time period, it is possible that 
evaporating drizzle in the atmosphere cause these large reff values. Wood (2000) suggest, 
based on theoretical analysis and synergetic ship–based observations of low–level liquid 
water clouds, that drizzle droplets near the cloud base can significantly increase reff . The 
high variability is caused by entrainment of thermal energy and water vapor into the cloud 
from the sublayer below, cloud droplets can grow or evaporate in the downdrafts and thus 
causes the variability in the droplet effective radius.  
Using the retrieved values of τ and reff, the liquid water path (LWP) is calculated. LWP is 
approximated using the following equation where ρ is the density of liquid water, with: 
eff
9
5
rLWP   . 5) 
Wood and Hartmann (2006) determined the LWP for adiabatic clouds where the liquid 
water content increases linearly with altitude above cloud height. 
 
A comparison between the retrieved LWP from the microwave radiometer HATPRO and 
the LWP retrieved from the spectral transmissivity measurements is presented in Figure 
4a for November 19, 2012. For the analyzed time period the mean LWP and standard 
deviation was 87 ± 49 gm
−2
 for HATPRO and 97 ± 11 gm
−2
 for the spectral cloud 
retrieval. CORAS overestimates the LWP for values > 80 gm
−2 
but underestimates the 
LWP for values < 80 gm
−2 
compared to HATPRO which is shown in the scatter plot in 
Figure 4b. The black dashed line is the one–to–one line. The uncertainty of the spectral 
radiance measurements increases in thicker clouds and, therefore, the number of valid 
retrievals decreases. Larger values of retrieved reff cause an overestimation of CORAS 
derived LWP. However, drizzle–sized droplets can lead to a wrong estimate of the liquid 
water distribution and, therefore, lead to an overestimation of LWC in the microwave 
radiometer retrievals (Löhnert et al., 2001). Furthermore, deviations in the CORAS LWP 
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retrieval might come from the approximation of the plane–parallel cloud model in the 
radiative transfer model. Boers et al. (2006) suggested a sub–adiabatic cloud model which 
parametrizes the vertical variation of cloud optical and microphysical properties. In this 
cloud model τ and reff are explicit functions of the geometrical thickness z and the droplet 
number concentration N of the cloud. The major source of uncertainty in the LWP 
retrieval is the sub–adiabatic behavior of the cloud, which is described as the sub–
adiabatic fraction Fr. Due to turbulent entrainment and mixing processes in the cloud, Fr 
typically ranges between 0.3−0.9 (Boers et al., 2006). For oceanic clouds Boers et al. 
(1998a) found a typical value of Fr = 0.6. The shape of the vertical LWC profile varies 
between a linear and a C–shaped profile and is characterized by factor α, which 
determines the vertical weight of the liquid water distribution for a given value of Fr 
(Boers et al., 2006). The smaller the value of α, the closer the LWC profile approaches 
linearity. For a given τ and reff the deviation from adiabatic clouds (Fr = 1) lead to an 
increase of geometrical thickness of the cloud but a decrease in cloud base droplet number 
concentration. To quantify the influence of different cloud models on the retrieved cloud 
properties, further investigations based on satellite or synergetic observations are needed. 
 
Fig. 4: (a) Time series of LWP as retrieved from HATPRO (black diamonds) and CORAS 
(red crosses) data at 11.5 - 13.0 UTC on November 19, 2012 around 15°S and 0°E from 
ANT-XXIX/1.(b) Scatter plot of the retrieved LWP from HATPRO and CORAS (Brückner 
et al., 2014). 
 
The comparison of the retrieval methods by McBride et al. (2011), hereafter named the 
slope method, and the multi–wavelength method are shown in Figure 6 for a time period 
from November 14, 2012 around 0°N and 11°E from ANT-XXIX/1. During this period 
low–level boundary layer clouds with a cloud base height of about 1 km were observed 
which is shown in the time series of backscatter coefficient from ceilometer data (Figure 
5d). The geometrical thickness of the cloud ranges between 500−800m. Cloud top heights 
were lower than the freezing level obtained from atmospheric sounding indicating a liquid 
water cloud. Ceilometer, as well as the lidar did not detect higher level cirrus. In Figure 
5a–b the retrieval of τ and reff from the new multi–wavelength method (red symbols) and 
Wiss. Mitteil. Inst. f. Meteorol. Univ. Leipzig Band 53(2015)
80
the slope method (blue symbols) is presented. The retrieved τ from both methods show 
similar results with mean values of 16.3 and 14.3 for the multi–wavelength and slope 
method, respectively. The mean difference between both approaches is 2.5 for the entire 
time series, while the differences in reff are larger with a mean difference of 4.4 μm. The 
multi–wavelength method retrieves smaller values of reff with 14.0 μm compared to 17.0 
μm from the slope method. But in general, the agreement is within the uncertainties of the 
retrieved cloud properties from both methods. This is also evident in the time series plot 
of HATPRO LWP and the derived LWP shown in Figure 5c. Both retrievals match the 
LWP observations from the microwave radiometer, except the later period where it starts 
to rain. Only around 8.6–8.68 UTC, the LWP derived from the multi–wavelength method 
matches more closely the LWP from HATPRO, because the slope method retrieves larger 
values of τ. Mean values of LWP and standard deviations are 139.8 ± 26.3 gm−2 for 
HATPRO, 126.9 ± 10.6 gm
−2
, and 142.5 ± 17.7 gm
−2 
for the multi–wavelength and slope 
method, respectively.  
 
Figure 5: Time series of τ (a) and reff (b) at 8.0 - 9.0 UTC on November 14, 2012 around 
0°N and 11°E from ANT-XXIX/1, based on two retrieval methods using data from 
CORAS. Retrieval results from the new multi–wavelength method are shown with red 
symbols, results from the slope method by McBride et al. (2011) in blue symbols. (c) Time 
series of LWP as retrieved from HATPRO (black diamonds), CORAS with multi–
wavelength method (red crosses) and CORAS with slope method by McBride et al. (2011) 
(blue crosses). (d) Time series of vertical backscatter coefficient in arbitrary units (a.u.) 
obtained from ceilometer. The distance covered in the depicted times series is about 18 
km (Brückner et al., 2014). 
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The uncertainties of τ, reff, and LWP from the multi–wavelength and slope methods along 
the time series from November 14, 2012 are shown in Figure 6. The retrieval uncertainty 
thresholds of ±1 in τ , and ±2 μm in reff are plotted with black dashed lines in Figure 6a,b. 
The uncertainties of the slope method were calculated as reported by McBride et al. 
(2011), but using the measurement uncertainty of CORAS spectrometers of 5.1% in the 
VIS wavelength region and 2.2% uncertainty in normalized transmissivity used for the 
spectral slope fit. Uncertainties of LWP were calculated using error propagation of 
uncertainties of τ and reff from both methods. As shown in Figure 6a, the multi–
wavelength method does not significantly reduce the uncertainty in τ, since both methods 
(valid retrieval multi–wavelength method: 82%; valid retrievals slope method: 78%) stay 
below the threshold. Uncertainties increase around 8.18 UTC and 8.6 UTC as τ increases 
for both methods. Due to the use of ratios of transmissivity, the uncertainty in reff is 
significantly reduced for the multi–wavelength method. 80% of the retrievals passes the 2 
μm threshold, whereas 66% valid retrievals were observed for the slope method. 
Uncertainties in reff under thicker clouds are reduced, which is also obvious in the LWP 
uncertainty shown in Figure 6c. 
 
Figure 6: Time series of calculated uncertainties of (a) τ , (b) reff, and (c) LWP at 8.0 - 9.0 
UTC on November 14, 2012 around 0°N and 11°E from ANT-XXIX/1. Uncertainties from 
the new multi–wavelength method are shown with red symbols, uncertainties from the 
slope method by McBride et al. (2011) in blue symbols. Black dashed lines in (a) and (b) 
shows the uncertainty threshold of 1 in τ, and 2 μm in reff used to define valid retrievals 
(Brückner et al., 2014). 
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Summary and Conclusions 
 
The retrieval of optical thickness τ and droplet effective radius reff of clouds using 
observed and simulated spectral zenith radiances requires a different treatment of physical 
principles compared to the well–known reflectivity–based counterpart as performed by 
satellites and aircraft measurements. However, zenith radiances which can be converted 
to spectral transmissivity contains relatively less information on reff compared to 
reflectivity. Due to competing effects of cloud droplet absorption and forward scattering, 
the sensitivity to this parameter is reduced. Furthermore, transmissvity is not a unique 
function of τ, which causes retrieval ambiguities. Existing transmissvity–based cloud 
retrievals already achieved reasonable results for τ ranging from 10 to 40, however, large 
uncertainties remain for optically thin clouds with τ < 5. Also the sensitivity to reff could 
be enhanced by using spectral features of asymmetry factor and spectral coalbedo within 
the NIR spectral wavelength region. To infer microphysical properties from spectral 
transmissivity measurements, simulated zenith radiances were calculated using a plane–
parallel (1D) radiative transfer model. In this paper a new cloud retrieval using ratios of 
spectral cloud transmissivity is introduced. The six–wavelength approach uses the 
information of three ratios of spectral transmissivity (wavelength combinations: 450 
nm/680 nm, 1050 nm/1250 nm, 1670 nm/1560 nm) to retrieve simultaneously cloud 
optical thickness and effective radius. The combination of these transmissivity ratios 
overcomes the limitations of existing retrievals concerning thin liquid water clouds (τ < 
5). Furthermore, the retrieval ambiguity with regard to τ is circumvented by separating 
very thin and thick clouds. Using ratios of transmissivity in certain wavelength regions, 
reduces the measurement uncertainties significantly compared to methods using absolute 
values. The multi–wavelength method benefits from the spectral features of zenith 
radiance depending on the scattering and absorption properties from liquid water droplets 
and ice crystals and thus is applicable to liquid water and ice clouds. The retrieval is fast 
and accurate and thus suitable for operational purposes and the huge variety of 
measurements obtained during three cruises. Compared to the slope method by McBride 
et al. (2011), the computational time was reduced by a factor of 15. 
The spectral cloud retrieval was applied to observations on board of RV Polarstern during 
three Atlantic transfers of the OCEANET–project. Primarily, the new cloud retrieval was 
applied to homogenous water clouds. For the presented case study of a homogenous 
liquid water cloud the mean τ and reff were calculated with 9.1 ± 0.5 and 16.1 ± 1.7 μm, 
respectively. The variability of reff is caused by complex mixing of thermal energy and 
water vapor from layers above and beneath the cloud. Larger variability in the reff retrieval 
occur for thicker clouds when zenith radiance is more attenuated. Considering an 
uncertainty threshold of ±1 in τ and ±2 μm in reff, the new multi–wavelength retrieval 
results in 87% and 78% valid retrievals for τ and reff, respectively. Measurement 
uncertainties increase for thicker clouds (τ > 40) as the attenuation of spectral radiance is 
increased. For a number of measurements reff reaches values up to 30 μm which represents 
the upper retrieval limit. Possible reasons for cloud particles with reff > 30 μm were 
discussed. In warm marine stratocumulus clouds a large number of drizzle droplets near 
the cloud base was found which can significantly increase reff and could explain these 
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observations reported here. From the retrieved microphysical properties the LWP was 
calculated using an adiabatic approximation where reff increases above the cloud base 
height. The comparison with the LWP from microwave radiometer HATPRO shows an 
overestimation of the LWP by CORAS for clouds with LWP > 80 gm
−2
 and an 
underestimation for values of LWP < 80 gm
−2
. Due to the increased attenuation of 
spectral zenith radiance in optical thick clouds, the CORAS retrieval results are larger and 
associated with larger uncertainties. For the analyzed homogeneous cloud scene a mean 
LWP of 87± 49 gm
−2
 for HATPRO and 97±11 gm
−2
 for CORAS was derived.  
A comparison between the new multi–wavelength cloud retrieval and the slope method 
(McBride et al., 2011) yields similar results for τ and reff, while the mean temporal 
deviation for τ was smaller (2.5) than for reff (4.4 μm). Both methods exhibit good 
agreement with the HATPRO LWP retrieval. Propagating the measurement uncertainties 
through both approaches, it was found that the multi–wavelength retrieval slightly reduce 
the uncertainties with regard to τ (slope method: 78%, multi–wavelength method: 82%) 
considering an uncertaintiy threshold of ±1, and significantly reduce the reff uncertainties. 
80% of the retrievals passes the uncertainty threshold (±2 μm), whereas only 66% valid 
retrievals were obtained with the slope method. In conclusion, the new multi–wavelength 
retrieval yields comparable values of τ and reff with regard to the existing slope method, 
but reduces the retrieval uncertainties by using ratios instead of absolute values. In 
conjunction with the notable reduction of the computational time, this method is more 
suitable for the observations on the ship and more adjustable to different cloud scenes, in 
particular for clouds with τ < 5. 
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